a b s t r a c t MM-1α is a c-Myc-binding protein and acts as a transcriptional co-repressor in the nucleus. MM-1α is also PDF5, a subunit of prefoldin that is chaperon comprised of six subunits and prevents misfolding of newly synthesized nascent polypeptides. Prefoldin also plays a role in quality control against protein aggregation. It has been reported that mice harboring the missense mutation L110R of MM-1α/PFD5 exhibit neurodegeneration in the cerebellum and also male infertility, but the phenotype of infertility has not been fully characterized. In this study, we first analyzed morphology of the testis and epididymis of L110R of MM-1α mice. During differentiation of spermatogenesis, spermatogonia, spermatocytes and round spermatids were formed, but formation of elongated spermatids was compromised in L110R MM-1α mice. Furthermore, reduced number/concentration of sperm in the epididymis was observed. MM-1α was strongly expressed in the round spermatids and sperms with round spermatids, suggesting that MM-1α affects the differentiation and maturation of germ cells. Changes in expression levels of spermatogenesis-related genes in mice testes were then examined. The fatty-acid-binding protein (fabp4) gene was up-regulated and three genes, including sperm-associated glutamate (E)-rich protein 4d (speer-4d), phospholipase A2-Group 3 (pla2g3) and phospholipase A2-Group 10 (pla2g10), were down-regulated in L110R MM-1α mice. L110R MM-1α and wild-type MM-1α bound to regions of upregulated and down-regulated genes, respectively. Since these gene products are known to play a role in maturation and motility of sperm, a defect of at least MM-1α transcriptional activity is thought to induce expressional changes of these genes, resulting in male infertility.
Introduction
MM-1α has been identified by us as a c-Myc-binding protein [1] . MM-1α is a tumor suppressor protein and inhibits c-Myc function in various ways, resulting in suppression of cell cycle movement and cell transformation [2] [3] [4] [5] . As for transcriptional activity of MM-1α, MM-1α acts as a co-repressor through binding to DNA-binding transcriptional factors such c-Myc, p73 and Egr-1 to repress their target genes [1, [3] [4] [5] [6] . MM-1α is also PD5, a subunit of prefoldin. Prefoldin is a molecular chaperone comprised of six subunits containing two α-subunits (PFD3 and PFD5) and four β-subunits (PFD1, PFD2, PFD4 and PFD6) and holds newly synthesized proteins by binding to and transporting them to chaperonine Tric/CCT in cooperation with HSP70 and HSP40 [7] [8] [9] [10] . Prefoldin thus plays a role in maintaining homeostasis in cells through stimulation of proper folding of proteins. We have reported that prefoldin inhibited aggregate and inclusion formation of exogenously added pathogenic Huntingtin or α-synuclein in cells [11, 12] and that knockdown of prefoldin expression and mutation of PFD5 caused accumulation of ubiquitinated protein aggregates in cells and mice, resulting in reduced cell viability [13] , suggesting that prefoldin plays a modifier role against the toxicity of misfolded proteins that cause neurodegenerative diseases. Like MM-1α/PDF5, each prefoldin subunit has its respective function. PFD3 is a pVHL-binding protein (VBP1) and stimulates protein degradation through the ubiquitin-proteasome system [14, 15] . PFD2 as a transcription factor regulates the expression of nutrition-related genes [16] .
Homozygous C57BL/6-Pfdn5 nmf5a /Pfdn5 nmf5a mice harboring a missense mutation of the MM-1α/PFD5 gene that causes an amino acid substitution from leucine to arginine at amino acid number 110 (L110R) [17] are referred to here as MM-1α L110R mice. These mice, L110R MM-1α mice, exhibit phenotypes of neurodegeneration, including cerebellar atrophy with death of Purkinje cells and retinitis dystrophy, and of male infertility [17] . We have shown that polyubiquitinated proteins were increased in L110R MM-1α mice irrespective of formation of the prefoldin complex and that cell lines from L110R MM-1α mice were more susceptible to various stresses than were those from wild-type mice, suggesting that recognition activity of prefoldin in L110R MM-1α mice is decreased [13] . PFD1-knockout mice also exhibit cerebellar atrophy [18] . It is not known whether phenotypes of these mice are due to dysfunction of the prefoldin complex or of its subunits. Regarding male infertility, atrophy of the testis of L110R MM-1α mice has been reported [17] . Characterization of male infertility in L110R MM-1α mice has, however, not been fully addressed.
In this study, we first characterized phenotypes of the testis and epididymis of wild-type and L110R MM-1α mice and found abnormal morphology of these tissues and germ cells in L110R MM-1α mice. We then examined expression changes of spermatogenesis-related genes in wild-type and L110R MM-1α mice. The results suggest that at least dysfunction of transcriptional of activity of MM-1α affects germ cell differentiation during spermatogenesis in L110R MM-1α mice.
Materials and methods

Cells and mice
Homozygous MM-1α L110R mice [17] were kindly provided by Dr. Patsy M. Nishina. C57BL/6 and MM-1α L110R mice were fed a normal diet (D12337, Research Diets, Inc. New Brunswick, NJ). Since homozygous MM-1α L110R mice were infertile, heterozygous MM-1α L110R mice were mated, genotypes of their offspring were determined by DNA sequencing of mouse tail DNA, and then homozygous MM-1α L110R mice were obtained. Male mice at 17 weeks of age were used in this study. The nucleotide sequence for a primer used for DNA sequencing is 5 0 -ATGTACGTCCCCGGGAAGC-TACACG-3 0 . Establishment of cell lines from wild-type and L110R MM-1α mice was described previously [13] . Briefly, primary cells from newborn mice were immortalized with T antigen of simian virus 40 and cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum.
Real-time PCR and RT-PCR
Nucleotide sequences of the upper and lower strands and PCR conditions for real-time PCR and RT-PCR are shown in Table 1 . The testis and epididymis were cut out from wild-type and MM-1α L110R mice and stored in an RNA later solution (Life Technologies, Carlsbad, CA) at 4 1C. Their RNAs were then extracted using ISOGEN (Nippon Gene, Toyama, Japan) according to manufacturer's protocol.
Western blotting
The testis and epididymis were cut out from wild-type and MM-1α L110R mice and stored at À 80 1C. Tissues were then homogenized. Proteins were extracted from tissue homogenates or from cultured cells after incubation of homogenates with a buffer containing 50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease inhibitors (20 mg/ml leupeptin, 10 mg/ml pepstatin A, 10 mg/ml aprotinin, 2 mM phenylmethylsulfonyl fluoride) for 20 min at 4 1C. Proteins were then dissolved in the buffer containing 30 mM Tris-HCl (pH 6.8), 3% SDS, 6% β-mercaptoethanol and 30% glycerol, boiled for 5 min, and subjected to Western blot analysis with anti-MM-1 rabbit polyclonal, anti-FABP4 rabbit monoclonal (Cell Signaling, Danvers, MA) and anti-GAPDH rabbit polyclonal (Millipore, Billerica, MA) antibodies. Proteins were then reacted with an IRDye800 (Rockland, Philadelphia, PA) or Alexa Fluor 680 (Molecular Probes, Eugene, OR)-conjugated secondary antibody and visualized by using an infrared imaging system (Odyssey, LI-COR, Lincoln, NE). The anti-MM-1 rabbit polyclonal antibody was established by us by injection of GST-MM-1 into rabbits. The anti-MM-1 antibody was purified from rabbit serum using an affinity column containing recombinant GST-free MM-1.
Tissue preparation and immunohistochemistry
The testis and epididymis of male mice at 17 weeks of age were fixed in 10% formalin at neutral pH and embedded in paraffin. Five-μm-thick paraffin sections were then prepared using a microtome, treated with 3% H 2 O 2 in methanol for 15 min at room temperature and reacted with anti-FABP4 (1:100 dilution) and anti-MM-1 (1:50 dilution) antibodies for 1 day at 4 1C. Sections were then stained with hematoxylin eosin (HE). After several washes, sections were subjected to DAB staining using a Histofine SAB-PO kit (Nicirei Bioscience, Tokyo, Japan). Stained images were then observed under a fluorescent microscope without fluorescence filters (Biorevo BZ-9000, Osaka, Japan).
Sperm was extracted with 50 μl of PBS (-) from the cauda epididymis at 37 1C and fixed with methanol for 1 h and then with 0.02% Triton X in PBS for 10 min and reacted with an anti-MM-1 (1:50 dilution) antibody for 4 days at 4 1C. After several washes, sperm was then reacted with an FITC-conjugated anti-rabbit IgG and stained images were obtained under a fluorescent microscope.
Histochemical analysis of tissues and sperm
Tissue sections cut into 5-μm-thick slices as described above were stained with HE and their images were then observed under a fluorescent microscope without fluorescence filters (Biorevo BZ-9000). Sperm was extracted as described above. The number of sperm was measured using a hemocytometer (0.100 mm at depth and 1/25 mm 2 in area), and total 470 and 75 sperm in 100-and 50-diluted solution from wild-type and L110R mice, respectively, were counted. Sperm was also subjected to Diff-QuiK staining and stained images were then observed under a fluorescent microscope without fluorescence filters (Biorevo BZ-9000). Sperm motility was counted using Standard Count 2 Chamber Slide as a chamber (Leja Products, Nieuw-Vennep, Netherlands) at 37 1C. The replicated number of experiments is 2.
Microarray
RNA was extracted from whole testes of wild-type and L110R mice at 17 weeks of age. Sample labeling was carried out using Quick-Amp Labeling Kit (Agilent Technologies, Santa Clara, CA) following manufacturer's instructions. Amplified cRNAs were quantified using the Agilent 2100 bioanalyzer and RNA 6000 Nano kit (Agilent). Hybridization and scan were performed using Gene Expression Hybridization Kit (Agilent) and an Agilent G2505C scanner, respectively. Images were quantified using Agilent Feature Extraction Software (version 10.7.3.1).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays using cultured wild-type and L110R MM-1α cells derived from wild-type and L110R cells were performed according to the protocol of the ChIP Assay Kit (Millipore, Billerica). Briefly, after proteins had been cross-linked with DNA, cell pellets were suspended in an SDS-lysis buffer and sonicated on ice using a sonicator (UR-20P, TOMY, Tokyo, Japan) 3 times for 20 s each time at 5 W. Genomic DNA was sheared to 300 to 5000 base pairs of length. Chromatin solution from 1 Â 10 6 cells/dish was preincubated with salmon sperm DNA and Protein A-agarose and incubated with species-matched IgG or with an anti-MM-1 antibody as described previously [5] overnight at 4 1C. DNA fragments immunoprecipitated with the anti-MM-1 antibody were then used as templates for PCR with Ex taq (TaKaRa Bio, Kyoto, Japan) and reacted. Nucleotide sequences of primers and PCR conditions used for ChIP assays are shown in Table 2 . PCR products were separated on a 2% agarose gel and stained with ethidium bromide.
Statistical analyses
Data are expressed as means 7 S.E. Statistical analyses were performed using Student's t-test.
Ethics statement
All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the Committee for Animal Research at Hokkaido University (permit numbers 06-0467 and 08-0467).
Results
Reduced weights of the testis and epididymis from L110R MM-1α mice
To precisely characterize MM-1α L110R mice, the testis weight and whole epididymis weight were then examined. As shown in Fig. 1 , the testis weight and epididymis weigh in MM-1α L110R mice were reduced by 60% and 20% compared to those in wildtype mice. These results suggest that in addition to the testis, atrophy of the epididymis occurred in MM-1α L110R mice. 
Abnormal morphology of the testis and epididymis and expression of MM-1α in MM-1α L110R mice
Tissue sections from the testis and epididymis of wild-type and MM-1α L110R mice were prepared and stained with hematoxylin eosin (HE). As shown in Fig. 2A -a, spermatogonia, spermatocytes and early spermatids (round spermatid) were morphologically normal but that few later spermatids (elongated spermatids) were observed in L110R mice, suggesting that formation of later spermatids (elongated spermatids) are compromised in L110R mice. Only a small number of sperm was observed in the caput and cauda of epididymis in MM-1α L110R mice compared to that in wild-type mice, and many round cells, probably round spermatids, were observed in both the caput and cauda of the epididymis in MM-1α L110R mice ( Fig. 2A-b) . The expression of MM-1α/prefoldin5 in the testis and epididymis was then examined after their sections had been stained with an anti-MM-1 antibody and with HE. First, intensity of stained MM-1α in the testis and epididymis of wild-type mice was stronger than that in the testis and epididymis of MM-1α L110R mice, which is consistent with the results of the expression level of MM-1α in wild-type and MM-1α L110R mice by Western blotting (see Fig. 4B-b) . Spermatocytes, round cells, probably round spermatids, and elongated spermatids in the testis were stained with the anti-MM-1 antibody (Fig. 2B-a) . As for the epididymis, on the other hand, MM-1α was strongly expressed in round cells in MM-1α L110R mice (Fig. 2B-b) .
WT L110R
Scale bar: 40 μm The numbers of sperms extracted from the epididymides in wild-type and L110R MM-1α mice were counted using a hemocytometer. (C) Sperms were extracted from the epididymides of wild-type and L110R MM-1α mice. After the numbers of sperms from wild-type and L110R MM-1α mice had been adjusted to equal numbers, sperms were stained with a Diff-QuiK solution and their images were observed under a fluorescent microscope. An arrow indicates sperm with a spermatocyte-like cell. (D) Sperms from wild-type and L110R MM-1α mice were prepared as described in the legend for Fig. 3C , fixed with methanol and Triton X, and reacted with an anti-MM-1 antibody. After sperms had been reacted with an FITC-conjugated secondary antibody, their images were observed under a fluorescent microscope as described in Section 2.
Reduced number and motility of sperm in MM-1α L110R mice
Sperm was extracted from the cauda epididymis of wild-type and MM-1α L110R mice, and the morphology and concentration of sperm were examined. As shown in Fig. 3A , the sperm number in MM-1α L110R mice was at a glance smaller than that in wild-type mice, and sperm with abnormal shape was observed in MM-1α L110R mice. The sperm concentration in the epididymis of MM-1α L110R mice was 3.743 Â 10 7 /ml (the number of sperm is 1.871 Â 10 6 ), which was less than 10% of that in wild-type mice (4.704 Â 10 8 /ml (the number of sperm is 2.352 Â 10 7 )) (Fig. 3B) .
Sperm motility was then measured under a microscope. Although the ratios of sperm with forward movement, non-forward movement and immobile sperm were 46.1%, 9.4% and 44.5% (the exact numbers of sperm counted were 177, 36 and 171), respectively, in wild-type mice, almost all of the sperms (98.0%) were immobile in MM-1α L110R mice: the ratios of sperm with forward movement, non-forward movement and immobile sperm were 0.2%, 1.9% and 98.0% (the exact numbers of sperm counted were 1, 11 and 578), respectively. Sperm morphology was further examined by DiffQuiK staining. As shown in Fig. 3C , sperms with round heads and round cells, which might be round spermatids that had not differentiated into elongated spermatids, were observed in the sperm solution from the epididymis of MM-1α L110R mice. Furthermore, when sperm samples were stained with an anti-MM-1 antibody, MM-1 was found to be present in round cells in MM-1α L110R mice (Fig. 3D) . These results suggest that the reason for infertility of MM-1α L110R mice is both reduced number of mature sperm and defect of germ cell maturation and that MM-1α affects the differentiation of germ cell.
Expression changes of and association of MM-1α with spermatogenesis-related genes
To examine expression changes of spermatogenesis-related genes in MM-1α L110R mice, total RNAs were extracted from testes of wildtype and MM-1α L110R mice and applied to microarray analysis using a 60 K microarray chip (Agilent Technologies). As shown in Table 3 , expression levels of 23 genes and those of 17 genes were increase and decreased by more than 3 fold, respectively, in MM-1α L110R mice compared to those in wild-type mice. Since genes that are known to be related to spermatogenesis are fatty-acid-binding protein (fabp4), sperm-associated glutamate (E)-rich protein 4d (speer-4d), phospholipase A2-Group 3 (pla2g3) and phospholipase A2-Group 10 (pla2g10) and since expression levels of fabp4 and those of speer-4d, pla2g3 and pla2g10 were shown by the microarray analysis to be increased and decreased, respectively, in MM-1α L110R mice, expression levels of these genes in testes were examined.
Real-time PCR and Western blot analyses showed that expression levels of FABP4 mRNA and protein in MM-1α L110R mice were increased by about 4 times and by 1.8 times, respectively, compared to those in wild-type mice (Fig. 4A-a and A-b) . Two FABP4 bands with 15-and 17-kD were observed, and 17-kD FABP4 might be post-translationally modified 15-kD FABP4. Immunohistochemical analyses showed that FABP4 was strongly expressed in the testis, especially in spermatocytes and round cells, of MM-1α L110R mice (Fig. 4A-c) . Furthermore, increased expression levels of FABP4 mRNA and protein in MM-1α L110R cells compared to those in wild-type cells were also observed (Fig. 4B) .
Expression levels of pla2g3 and pla2g10 in mice testes were examined by real-time PCR, and decreased levels of their expression in MM-1α L110R mice were confirmed (Fig. 5A and B) . Since there are various isoforms of speer-4d mRNA, we could not design real-time PCR primers specific to the speer-4d gene, and semiquantitative RT-PCR was therefore carried out to examine the expression level of speed-4d. As shown in Fig. 5C , reduced expression level of speer-4d in MM-1α L110R mice compared to that in wild-type mice was confirmed.
To examine the molecular mechanism of MM-1α toward expression changes of spermatogenesis-related genes, chromatin immunoprecipitation (ChIP) assays were carried out using the chromatinprotein complex from wild-type and MM-1α L110R cells and an anti-MM-1 antibody or IgG. Primers were set to amplify approximately 800-1000 base pairs in each gene. As shown in Fig. 6 , L100R MM-1α but not wild-type MM-1α bound to the region spanning À 895 to À144 in the Fabp4 gene, which was up-regulated in MM-1α L100R mice, suggesting that gain-of-function by mutation of MM-1α results in transcriptional activation of the Fabp4 gene. Wild-type MM-1α but not L100R MM-1α, on the other hand, bound to regions in Pla2g3, Pla2g10 and Speer-4d genes, which were downregulated in MM-1α L100R mice, suggesting that wild-type MM-1α negatively regulates these genes at the transcriptional level.
Discussion
Germ cells are differentiated from spermatogonia, spermatocytes and then spermatids in the testis and are secreted into the Table 3 Genes with changed expression levels in testes of MM-1α L110R mice. epididymis, in which mature sperms are present. In this study, we examined mice with a missense mutation of prefoldin5/ MM-1α that introduces a substitution mutation in MM-1 containing L110R, and these MM-1α L110R mice exhibit male infertility. We first found that the weights of the testis and whole epididymis in MM-1α L110R mice were reduced compared to those in wild-type mice and that few elongated spermatids were observed in MM-1α L110R mice. Reduced number/concentration of sperm in the testis and epididymis and the presence of round cells, presumably round spermatids, in the epididymis, was observed in MM-1α L110R mice. Sperms from the epididymis of MM-1α L110R mice had lost their motility and were not differentiated. These results suggest that differentiation and maturation steps of germ cells are inhibited in MM-1α L110R mice, leading to male infertility. The sperm concentration in the epididymis of MM-1α L110R mice was less than 10% of that in wild-type mice, and 98% of the sperms in MM-1α L110R mice were immobile. Indeed, the number of the offspring after mating between heterozygous MM-1α L110R mice was less than that after mating between wild-type mice, reflecting the reduced number and motility of sperms in MM-1α L110R mice.
MM-1α was expressed in spermatocytes and round cells, presumably round spermatids, in the testis in wild-type and MM-1α L110R mice, respectively. Furthermore, MM-1α was strongly expressed in round cells in the epididymis and in sperms with round cells in MM-1α L110R mice. Since the epididymis contains mature germ cells but not undifferentiated germ cells such as spermatocytes and spermatids, these results suggest that MM-1α affects differentiation of spermatids and maturation of germ cells and that its activity is reduced by L110R mutation into MM-1α, resulting in accumulation of undifferentiated round spermatids in the epididymis and of round cell-containing sperms in MM-1α L110R mice. This is the first report showing the possibility that MM-1α participates in spermatogenesis.
We then examined expression changes of genes in wild-type and MM-1α L110R mice by using a DNA microarray, and expression changes of four spermatogenesis-related genes were evaluated by real-time PCR or RT-PCR. Fatty acid-binding protein 4 (FABP4) is a member of a multigene family encoding approximately 15-kDa proteins. Proteins of the FABP family, comprised of more than 10 members, bind to fatty acids and other hydrophobic biomolecules in an internal cavity, and they act for solubilization and metabolic trafficking of fatty acid [19] . Each FABP is expressed in distinct tissues and cells, and FABP4 was originally identified as an adipose-specific protein [20] but was later found to be expressed in various cells and tissues, including macrophages [21] [22] [23] , the lymphatic system [24] and the testis and epididymis [25] , and during embryogenesis [26] . FABP4 functions as an adipokine in regulating macrophage and adipocyte interactions during inflammation, and dysregulation of FABP4 is associated with obesity and nonalcoholic fatty liver disease (see a recent review, [27] ). In this study, expression levels of FABP4 were found to be increased in the testis and in cell lines derived from MM-1α L110R mice at mRNA and protein levels, and strong expression of FABP4 was observed in spermatocyte-like cells. Mammalian spermatozoa membranes are rich in polyunsaturated fatty acids. Metabolism of fatty acids plays an important role in spermatogenesis from spermatocytes to spermatids (see a review, [28] ). It is therefore thought that overexpression of FABP4 in the testis of MM-1α L110R mice induces dysregulation of trafficking and/or intake of fatty acids, compromising differentiation of sperm. Lipid metabolism or lipid content of sperm is important for sperm motility, and phospholipases A2 participate in lipid rearrangements. The phospholipase A2 superfamily comprises intracellular and secreted enzymes (see review, [29] ), and phospholipase A2-Group 3 (PLa2g3) and phospholipase A2-Group 10 (PLa2g10) proteins are expressed in male reproductive organs and/or in sperms. Reduced sperm motility is observed in PLa2g3-knockout mice, suggesting that phospholipase A2-Group 3 proteins play a role in sperm maturation and fertility through rearrangement of lipid and fatty acids [30] [31] [32] . Spermassociated glutamate (E)-rich protein 4d (Speer-4d) is expressed specifically in the testis, epididymis and sperm and is thought to be important for sperm maturation [33] . In this study, expression levels of all of the above three genes were reduced in MM-1α L110R mice compared to those in wild-type mice, suggesting that reduced expression of these genes in MM-1α L110R mice induces decreased sperm number and motility. ChIP assays showed that L100R MM-1α but not wild-type MM-1α binds to a region in the Fabp4 gene, and wild-type MM-1α but not L100R MM-1α binds to regions of PLa2g3, PLa2g10 and Speer-4d genes, suggesting that gain-of-function and loss-of-function of MM-1α affect positive and negative regulation, respectively, of these genes at the transcriptional levels Although defect of at least transcriptional activity of MM-1α affects male infertility of MM-1α L110R mice, it is not clear at present whether male infertility of MM-1α L110R mice is also due to dysfunction of MM-1α/PFDF5 mutation-containing prefoldin. We have reported that prefoldin was properly formed between MM-1α/PFDF5 mutant and the other five prefoldin subunits but that polyubiquitinated proteins were increased in L110R MM-1α mice and that cell lines from L110R MM-1α mice were more susceptible to various stresses than were those from wild-type mice, suggesting that substrate specificity of the prefoldin complex is reduced by MM-1α/PFDF5 mutation [13] . In addition to a subunit of prefoldin, MM-1α alone has various functions, including transcriptional regulation [1,3,5,6,34] and activation of protein 6 . Association of MM-1α with spermatogenesis-related genes. Chromatin immunoprecipitation assays were carried out using chromatin prepared from wild-type and L110R MM-1α cells. Chromatin was immunoprecipitated with an anti-MM-1α antibody or non-specific IgG. After extraction of DNA from precipitated chromatin, regions in Fabp4, PLa2g3, PLa2g10 and Speer-4d genes were amplified by PCR with specific primers and with amplified DNA (left figures) and were separated on agarose gels (right figures) as described in Section 2. n ¼3.
degradation through the ubiquitin-proteasome system [35, 36] . It is important to address these points to clarify the effect of a single amino acid change of MM-1α on male infertility in future study.
